ABSTRACT: Nowadays researchers are developing a new hybrid fiber reinforced cement-based composites (HyFRCC). The new HyFRCC can restrain micro-cracking, improves compressive and flexural performance of beams by addition of calcium carbonate (CaCO 3 ) whisker, polyvinyl alcohol (PVA) fiber and steel fiber. In this work, a mix optimization procedure is shown for multi-scale HyFRCC, with steel, PVA fiber and CaCO 3 whisker. The new HyFRCC is explored with addition of coarse sand to further improve its mechanical properties. Additionally, the flexural performance of beam and slabs has been investigated to optimize sand gradation and fiber combination in new HyFRCC. The compressive strength, flexural strength, flexural behavior, flexural toughness, equivalent flexural strength and deflection-hardening behavior of beams and slabs are improved with optimized content of sand gradation, fibers and CaCO 3 whisker. The HyFRCC slab with 1.5% steel fiber, 0.4% PVA fiber, 1% CaCO 3 whisker and optimized coarse sand showed overall best properties. 
INTRODUCTION
The cracking and failure of cement-based composites is a gradual multi-scale process under an action of load, pre-existing or new born microncracks grow and convert to meso-cracks and then macro-cracks. Eventually, the macro-cracks lead to the failure of the structural members (1-3). The various fibers with different dimensions and properties are generally added into cement-based composites to restrict the growth of cracks at different stages in the failure process; and improve its strength, toughness and ductility (1, (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . But the high cost of fibers limited the large-scale construction project for the applications of fiber reinforced cement-based composites. The amount of cement and expensive fibers are reduced in cement based composites to lower its product cost (10, 12) . Hence, decreasing the amount of expensive fibers without sacrificing the mechanical performance of fiber reinforced cement-based composites will become beneficial.
Recently, researchers (5, 15) have worked on the development of a multi-scale cost-effective hybrid fiber reinforced cement-based composites (HyFRCC) incorporating micron calcium carbonate (CaCO 3 ) whisker to restrain the initiation and growth of micro-cracks. In comparison with HyFRCC incorporating steel and polyvinyl alcohol (PVA) fiber (4, 13, 14) ; the steel fiber ($2800 per ton) and PVA fiber ($5950 per ton) were partially replaced by cheaper CaCO 3 whisker ($236 per ton) mainly to improve the mechanical performance as well as reduce the production cost. The mechanical properties and economic efficiency of the new HyFRCC are shown in Table 1 . The fiber cost of HyFRCC with 1.5% steel fiber, 0.4% PVA fiber and 1% CaCO 3 whisker (by total volume fraction) is $365 per cubic meter, while that with 2% steel fiber (by total volume fraction) is $437 per cubic meter according to Chinese market price. The flexural toughness and number of cracks at mid span of HyRCC incorporating 1.5% steel fiber, 0.4% PVA fiber and 1% CaCO 3 whisker are increased by 20% and 760%, respectively, as compared to that of HyRCC with 2% steel fiber (5) . The new HyFRCC can restrain plastic shrinkage, improves compressive and flexural performance of beams efficiently by addition of micro-CaCO 3 whisker, meso-PVA fiber and macro-steel fiber (5, 15) . The content of fine silica sand can be reduced by using coarser fine aggregate. This is another useful way to reduce the price of high performance fiber reinforced cementbased composites as well as to improve its dimensional stability (16) . The coarser fine aggregate may affect the behavior of the composite, e.g., rheological property of fresh mixture, fiber dispersibility and toughness (17, 18) . Hence, the fine aggregate particles sizes in the new HyFRCC needs to be optimized. The flexural performance of cement-based composites are influenced by specimen size and geometry (19) (20) (21) (22) . The HyFRCC is studied for various structural applications (23) (24) (25) . Therefore, it is necessary to study the flexural performance of slabs for the large-scale engineering application of the new HyFRCC in thin members, e.g., bridge deck, surface repair of structure, impact and blast resistant protective panel.
RESEARCH SIGNIFICANCE
A new cost-effective multi-scale HyFRCC, with micron CaCO 3 whisker has been developed to restrain micro-cracks. In comparison with Note: Where S,P and W in group # denotes steel fiber, PVA fiber and CaCO3 Whisker, respectively. The numeric value after S, P and W shows the percentage of fibers by total volume fraction.
Effect of hybrid fibers, calcium carbonate whisker and coarse sand on mechanical properties of cement-based composites • 3 conventional HyFRCC (only incorporating steel and PVA fibers), the steel fibers and PVA fibers were partially replaced by cheaper CaCO 3 whiskers mainly to control micro-cracking as well as to reduce the production cost. In this research, the influence of sand size and granular composition of the new HyFRCC are studied in order to further reduce its unit cost as well as to improve its mechanical properties. Moreover, the flexural performance of beam and slab specimens are investigated to optimize the combination of fibers and sand gradation in new HyFRCC. In addition to this, the current research tries to provide a reference in optimizing mixture for future investigations of cement-based composites containing hybrid fiber. In this study, several parameters are evaluated in the optimization of the new HyFRCC: (i) four kinds of sands with various size and graduation are considered; (ii) five different fibers combinations are used; and (iii) two types of specimens i.e. beam and slab are studied. The compressive strength, flexural strength, flexural behavior, flexural toughness, equivalent flexural strength, loaddeflection curves, deflection-hardening behavior, failure mode of slab and beam specimens and fracture morphology of cubes, beams and slabs are emphasized and discussed in detail.
OPTIMIZATION PROCEDURE
The optimization of the new HyFRCC is composed of three main steps. The first step is to choose the better combination of fibers from prior work (5) considering following parameters: i.e. flexural properties, fracture performance of beams, compressive strength, microstructures, reinforcing mechanisms, and economic efficiency of HyFRCC. As shown in Table 1 , two fiber combinations shows the best performance (the fiber combinations of S1.5P0.4W1 and S1.25P0.55W2). The performance of compressive and flexural properties are considered, and S1.5P0.4W1 is chosen for current study.
The dosage of different fiber combinations by total volume fraction is shown in Table 2 . It needs to be noted that the sand used in first step is A_43_99 and physical properties are shown in Figure1 and Table 3 .
The second step is to optimize the size of sand particle and granular composition. Four different granular compositions of sand are studied; and physical properties and sieve analysis of various sands used in this study are shown in Table 3 and Figure 1 , respectively. The 40 mm × 40 mm × 160 mm beams are used for the flexural test and also compared with the result of prior study (5) . The third step is optimization of fiber combination and sand graduation in slab member. The flexural behavior of HyFRCC slab using various fiber combinations (dosage of fiber combination is shown in Table 2 ) and the sand graduation of A_36_87 are investigated to explore the best proportion of fibers. In addition to this, the slab specimen with sand graduation of A_40_63 and fiber proportion of S1.5P0.4W1 is also studied to determine a ideal aggregate graduation. 
EXPERIMENTAL DETAILS

Materials and mixture proportions
The mortar was made with ordinary cement (P.O 42.5R), quartz sand (properties of sand are shown in Table 2 and grading curves of the sand is given in Figure1), steel fiber (straight round cylindrical type), PVA fiber and CaCO 3 whisker. The details of ingredient properties and chemical constituents are shown in Tables 4 and 5 , respectively. In second step, for each aggregate graduation, six cubes of size 70.7 mm (length) × 70.7 mm (width) × 70.7 mm (height) for compressive strength test were cast and six 40 mm (depth) × 40 mm (width) × 160 mm (length) prisms for flexural test were produced. In the third step, six 100 mm (width) × 400 mm (length) × 15 mm (depth) slabs for each mixture were used to evaluate flexural behavior. The dosage of different fiber combinations is shown in Table 2 . Moreover, six 100 mm × 400 mm × 15 mm slabs with sand graduation of A_40_63 and fiber proportion of S1.5P0.4W1 were produced as a control mix.
As illustrated in Table 2 , the fiber combinations are labeled so that they can be recognized from their IDs. The word "Plain" identifies pure mortar. The letters in the mixture names denotes the fiber type i.e. S=steel fiber, P=PVA fiber and W=CaCO 3 whisker. The number after each letter indicates the volume fraction of each fiber, e.g., the ID "S1.5P0.4W1" identifies mixture incorporating 1.5% steel fiber, 0.4% PVA fiber and 1% CaCO 3 whisker by volume fraction. The mixture with sand graduation of A_40_63 and fiber proportion of S1.5P0.4W1 is labeled as S1.5P0.4W1*. In addition to this, the mixtures in Table 3 are also labeled so that the cumulative passing percent of 0.6 mm sieve and 1.18 mm sieve are known from their IDs. The letter "A" denotes fine aggregate. The first number after letter indicates the cumulative passing percent of 0.6 mm sieve and the second one indicates that of 1.18 mm sieve, e.g., the ID "A_36_87" identifies that the cumulative passing percent of 0.6 mm sieve and 1.18 mm sieve are 36% and 87%, respectively for fine aggregate.
The water-cement ratio (W/C=0.3) and sandcement ratio (S/C=0.5) were selected to design matrix mixture. The amount of water reducer (Polycarboxylic acid type, ASTM C494 type F, water reducing ratio 24%) varied from 0.5% to 0.8% by weight of cement content to ensure that the various mixes maintained the similar flow and compaction. The step by step mixing procedure is shown in Figure 2 . Each step shows the mixing ingredients and mixing time. Before casting, appropriate dosage of tributyl phosphate was introduced for reducing air bubbles caused by fiber and whisker. The fresh mortar was then poured into the metal mould and vibrated for 60s for compaction. After casting, the samples were covered with plastic sheets and kept in the laboratory. All samples were de-molded after 24 hours, and then cured at (20±2) °C with relative humidity over 90% until the testing day. The tests were performed at the 28th day after casting.
Test methods
The first step was to choose the better combination of fibers from prior work (5) . In second step, the compressive strength was measured Figure 3 (L=120 mm and d=40 mm). The load and mid-span deflection were automatically collected by computer data acquisition system. The 100 mm × 400 mm × 15 mm slab was selected in third step for the four-point flexural behavior test in which the span length was 300 mm. A computer-controlled hydraulic electroservo universal tester was used at a crosshead speed of 0.1 mm/min according to ASTM C348, ASTM C1609 and JCI-SF4. The loading method of the four-point flexural test is shown in Figure 3 (L=300mm and d=15mm). All of the specimens are in equilibrium with the air and the mechanical tests were carried out at (20±3) °C having relative humidity 60-70%. The load-deflection curves were obtained from four-point flexural test. Energy absorption capacity was assessed by measuring flexural toughness (T b ), which is defined as the area under load-deflection curve upto a specific deflection. The equivalent flexural strength was determined to assess residual load-carrying ability of HyFRCCs according to JCI-SF4. The equivalent flexural strength is calculated by given formula;
. Where σ b is the equivalent flexural strength (MPa); T b is flexural toughness (N·m); δ b is a specified deflection value (mm); b, h, L are width, depth and span length, respectively. Compared to the ASTM C1018, the JCI technique can reduce human error (26) . The ASTM C 1018 calculate the toughness parameters from a load-deflection curve; and their indexes are depend on the energy absorbed up to first crack (26) . Unfortunately, locating the first crack point on the curve is highly subjective, it is a common belief that toughness indexes measured as per ASTM C 1018 are highly operator dependent (1, 26) . Therefore, JCI technique was adopted to study the residual load-carrying ability of HyFRCCs because it was not depend upon first crack load.
RESULTS AND ANALYSIS
Compressive and flexural properties
Compressive performance
The compressive strength and relative percentage increase in compressive strength with different sand gradations are shown in Figure 4 Step # 1
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• 15s (16) . In other word, the coarser sands provides a more tortuous crack path which leads to greater energy absorption capacity and higher compressive strength. However, as the cumulative passing percent of 1.18 mm sieve further decreases from A_36_87 to A_40_63, the mixture illustrates slightly lower compressive strengths. In general, too much content of coarser size fine aggregate means weak interfacial transition zone if everything else is kept the same. The weak interfacial transition zone results in a lower compressive strength of the composite (17). Moreover, coarse particle size will lead to balling of fibers and results in increased porosity of mixture, which means poor compressive performance (27) . The standard deviations of A_36_87 and A_40_63 are greater than those of both A_88_100 and A_43_99 sand gradation specimens, which may caused by poor fiber dispersion.
High compressive strength of cement-based composites usually means high brittleness, hence multi-cracking behavior is necessary to meet the requirements of ductility (28) . The typical fracture morphology of cubes after compressive strength test with A_40_63 and A_36_87 sand gradation are shown in Figure 5 The specimens with various sand grading showed similar fracture morphology. All of the new HyFRCC samples demonstrate a ductile failure pattern and good integrity after being crushed. Small pieces of mortar and the end of some steel fiber and PVA fiber can be observed on the surface of specimens, marked by white circles in Figure 5 . The hybrid effect of multi-scale fibers may delay and restrict the propagation of cracks. In addition to this, these fibers can help to hold the shear plane together under compressive load to keep the integrity of sample.
Flexural strength of beams
The flexural strength and flexural strength to compressive strength ratio of beams with different sand gradations are shown in Figure 6 (a) and Figure 6 (b), respectively. The values of flexural strength varies from 19 to 22 MPa. The results indicates that decreasing the cumulative passing percent of 0.6 mm sieve and 1.18 mm sieve from A_88_100 to A_40_63 showed decreasing and then increasing trend in flexural strength. On the other hand, A_36_87 shows the highest flexural strength along with the greatest value of compressive strength; and it is mainly due to the highest strength of matrix which is caused by coarse sands. Moreover, similar to compressive strength, further decreasing the cumulative passing percent of 1.18 mm sieve reduce the the flexural strength. The flexural strength is decreased more significant than compressive due to balling of fibers caused by too coarse sand (16) . Similar to the compressive strength, the coarser sand also lead to the greater dispersion of the flexural strength of A_36_87 and A_40_63 than those of A_88_100 and A_43_99, respectively (see standard deviation bars in Figure 6 ).
The F/C (flexural strength to compressive strength) ratio is an effective assessment indicator of toughness for cement-based composites. A high F/C ratio generally indicates a good toughness (5). The F/C ratio is shown in Figure 6 (b) , the toughness of mixture decreases significantly with the increase in sand size. More discussions about flexural toughness will be presented in the subsequent sections.
Load-deflection curves of beams
The Load-deflection curves of beams with various sand graduations are shown in Figure 7 . All of the new HyFRCCs beams showed deflectionhardening behavior under the flexural load. The deflection-hardening behavior of HyFRCC after the first crack shows a higher load carrying capacity (29) . If peak load and its respective deflection is more than that of first crack load and its respective deflection then the deflection hardening response is confirmed from this behavior (16) . The mid-span deflection at their respective peak loads is the determining factor for the deflectionhardening behavior. The deflection-hardening behaviors of mixture with fine sand (A_88_100 and A_43_99) shows greater mid-span deflection at their respective peak load as compared to that of others (A_36_87 and A_40_63). On the other hand, HyFRCC with finest aggregate (A_88_100) doesn't show the improved deflection-hardening behavior; while A_43_99 shows the enhanced deflection-hardening behavior as shown in Figure  7 . The strong bond between fiber and matrix interface caused by addition of finest aggregate result in poor deflection-hardening behavior (30) . Therefore, the strong bond between the fiber and matrix results in fiber fracture instead of fiber pull out ultimately have less deflection hardening behavior. The A_43_99 have coarse fine aggregate with proper grading and achieved a better deflection-hardening behavior than the other mixtures. By bridging across cracks and delaying its propagation, the hybrid fiber system improved the post-peak flexural softening behavior of the new HyFRCCs (31) . Therefore, all the composites present good performance after peak load of the loaddeflection curve. Similar trend is also reported by Cao et al. (5) . The A_88_100 shows flatten softening behavior after peak load. The best dispersion of fiber caused by finest aggregate may bridge the cracks most effectively (17) , which finally leads to the flattest softening response of A_88_100 sand gradation.
Flexural toughness and failure pattern of beams
The flexural toughness and equivalent flexural strength of composites up to a specific deflection with different sand gradation are shown in Figure 8 (a) and Figure 8 (b) , respectively. It may be noted that the span length of beam is 120 mm. A summary of energy absorption capacity assessed by measuring flexural toughness is reported in Figure 8 (a) . The area under load-deflection curve reaching a specific deflection is taken as energy absorption capacity. At small deflection (L/150 and L/100), the A_36_87 and A_88_100 show greater flexural toughness than that of both A_40_63 and A_43_99.
On the other hand, for HyFRCCs with coarse sands, aggregate interlock is different bringing about high matrix toughness and work-of-fracture caused by more tortuous crack path; e.g. A_36_87 presents high flexural toughness at small deflection (L/150 and L/100). Moreover, at higher deflection (L/50 and 3mm), the A_88_100 shows greater flexural toughness due to the best fiber dispersion in matrix with finest aggregate. In general, the increase of coarse sands content damages the toughness at higher deflection (L/50 and 3mm) of new HyFRCCs. The coarse sands may affect the dispersion of fiber. The balling of fibers occur by coarser aggregate is due to the less coating of fibers by the cement paste; which further weak the interfacial bonding of fiber and matrix. The interfacial bonding is the determining factor for fiber to improve toughness of HyFRCCs (17, 28) . The high strength matrix can improve the toughness of HyFRCC effectively at the initial stage (before peak load) under flexural loading, while the fiber is more effective to improve the toughness at later stage (after peak load). The results of the equivalent flexural strength are presented in Figure 8 (b) . The equivalent flexural strength shows Effect of hybrid fibers, calcium carbonate whisker and coarse sand on mechanical properties of cement-based composites • 9 similar pattern as reported for flexural toughness but the fluctuation is more significant. The high strength matrix can also improve the residual loadcarrying ability of HyFRCC effectively at the initial stage under flexural loading; while the fiber is more effective to improve that at the later stage than at initial stage. At small deflection level, the loadcarrying capacity depends on the production and control of micro cracks in composites due to low matrix strength, whereas the strength loss rate at coarse deflection level depends on the restriction of macro cracks by macro fibers. The typical failure pattern of beam after flexural strength test with A_40_63, A_36_87 and A_88_100 sand gradation are shown in Figure 9 (a), Figure 9 (b) and Figure 9 (c), respectively . All of the new HyFRCCs exhibit ductile fracture under bending load and similar trend is also reported by Cao et al. (5) . The multiple cracking behaviors of beams incorporating A_88_100 and A_43_99 sand gradation are better as compared to that of other two mixtures having A_36_87 and A_40_63 sand gradations. The multiple cracking behavior may be attributed to the poor dispersion of fiber; and greater matrix strength is caused by coarse sands (17) .This phenomenon is in line with the various deflection-hardening response in section 5.1.3. The better deflection-hardening response generally means multiple cracking behaviors (16, 32) . In general, A_36_87 presents not only a improved flexural behavior but also the enhanced strength, so it is used in current research for the production of slab specimen.
Properties of slab
Flexural strength of slabs
The flexural strength and relative increase in flexural strength of slab are shown in Figure 10 (a) and Figure 10 (b) , respectively. The relative increase in flexural strength is presented to study the reinforcing effect of fibers. Compared to plain, flexural strength of all fiber reinforced mortar increased significantly. The S1.5P0.4W1 has the highest flexural strength with increase of 370%, as compared to that of plain. All the hybrid fiber systems show greater reinforcing effect than that of mono-fiber (S2). The fiber reinforced cement-based composites demonstrate a little higher value in standard deviation bar of flexural strength than that of plain. This deviation is due to the various new interfaces between fibers and matrixes (see standard deviation bars in Figure 6 ). On account of the smaller length and high aspect ratio, PVA fibers and CaCO 3 whiskers can restrain the propagation of cracks before peak load more effectively which further improve flexural strength. However, the further increase of the amount of PVA fiber and whisker (S1.25P0.75 and S1.25P0.55W2) does not bring an expected increase in flexural strength. The poor dispersion and balling caused by higher quantity of PVA fibers and whiskers may be attributed towards reduced flexural strength. It may be noted that the flexural strength of S1.5P0.4W1* with incorporation of coarse sands slightly decrease as compared to S1.5P0.4W1, but still greater than that of other mixtures as shown in Figure 10 (a) . So, the negative effect of coarser aggregate on flexural strength of slabs is not remarkable. The new hybrid fiber system can work well along with coarser fine aggregate.
Load-deflection curves of slabs
The Load-deflection curves of slab with different fiber combination and various sizes of sand are demonstrated in Figure 11 (a) and Figure 11 (b), respectively. All of the HyFRCCs exhibit appreciable deflection-hardening response under bending load. Moreover, the deflection-hardening behaviors of mixtures incorporating CaCO 3 whisker (S1.5P0.4W1 and S1.25P0.55W2) are better than those of without CaCO 3 whisker (S1.5P0.5 and S1.25P0.75). The PVA fiber content without CaCO 3 is greater than that of incorporating CaCO 3 whisker. However, too much PVA fiber and CaCO 3 whisker (S1.25P0.55W2) will negatively affect the deflection-hardening behavior of new HyFRCCs caused by poorer fiber dispersion. In addition to this, all HyFRCCs present improved performance after peak load in the load-deflection curve; especially, S1.5P0.4W1 presents the flatten softening behavior after peak load. This behavior is due to the multi-scale hybrid effect of the fibers and whiskers. Similar trend is also reported by Cao et al. (5) . Hence, the deflection-hardening and extended softening behavior after peak load are attributed to the addition of CaCO 3 whisker.
Compared to S1.5P0.4W1 and S1.5P0.5, the curves of S1.25P0.55W2 and S1.25P0.75 present steeper slopes after peak load. Moreover, as the deflection develop is increased more than 10 mm, the curves of S1.25P0.55W2 and S1.25P0.75 present steeper slopes than S2; whereas S1.5P0.4W1 and S1.5P0.5 still present a more extended behavior after peak load. This optimized steel fiber content (about 1.5%) showed the improved load carrying capacity of new HyFRCC. As shown in Figure 11 (b) , the deflection-hardening behavior of S1.5P0.4W1* incorporating coarser sands is slightly decreased as compared to that of S1.5P0.4W1. However, it is still better than S1.5P0.5 without CaCO 3 whisker due to the uniform fiber dispersion in slab member. It is obvious that the thin slab is easier to vibrate in fresh state and orientation of fibers can be uniform in composites.
Flexural toughness and failure pattern of slabs
The methods described in section 5.1.4 are adopted to evaluate energy absorption capacity, residual load-carrying ability. Figure 12 Effect of hybrid fibers, calcium carbonate whisker and coarse sand on mechanical properties of cement-based composites • 11 content of whiskers which restricts the micro cracks in composites efficiently. As discussed in section 5.1.4, the reason for improved flexural properties is that the load-carrying capacity at small deflection depends on the propagation of micro-cracks in composites. However, at higher deflection (L/50 and L/30) S1.5P0.4W1 presents the enhanced flexural toughness and equivalent flexural strength due to the higher amount of steel fibers. This phenomenon is mainly due to addition of multi-scale hybrid fiber and whisker in the composites. The whisker always plays an effective role to resist micro-cracking, PVA fiber controls the meso-crack and steel fiber restrain the macro-cracks (5, 28) . The higher amount of whiskers and PVA fibers are beneficial to energy absorption capacity and residual load-carrying ability at small deflection , whereas higher quantity of steel fiber may results in improved energy absorption capacity and residual load-carrying ability at higher deflection. The flexural toughness and equivalent flexural strength of S1.5P0.4W1* with coarser sands are slightly decreased as compared to those of S1.5P0.4W1; but it is similar to S1.25P0.55W2 and still better than S1.5P0.5 without CaCO 3 whisker. Compared to finest aggregate, the negative effect of coarse fine aggregate on flexural toughness and equivalent flexural strength of slabs is not remarkable. The new hybrid fiber system can work well along with coarse aggregate.
The typical failure pattern of slab after flexural testing with S2, S1.5P0.5, S1.5P0.4W1 and S1.5P0.4W1* fiber combinations are shown in Figure 13 (a), Figure 13 (b), Figure 13 (c) and Figure 13(d) , respectively. Compared to S2, all of the HyFRCCs exhibit multiple cracking failure pattern under bending load. The multiple-cracking behavior of S1.5P0.4W1 is better than that of others. The deflection-hardening behavior of S1.5P0.4W1 is also better as discussed earlier. However, as the amount of coarse sands increase, the S1.5P0.4W1* results in poor multiple cracking performance. The is due to poor dispersion of fiber and greater matrix strength caused by coarser sands (17) . The various deflection-hardening response also verifies the multi cracking behavior. In other words, coarser aggregate reduce the multiple cracking of the new HyFRCCs. 
DISCUSSION
In general, the influence of coarse sand on the flexural behavior of HyFRCC slabs is not as severe as that on beams. The new hybrid fiber system can work well along with coarser aggregate because the compaction of slab is easier and the dispersion of fibers in slab are uniform and parallel to the span length as compared to that of beam. Similar trend is also reported by Yoo et al. (21) . The uniform fiber distribution in the slab results in improved flexural properties; and the reduction in flexural properties is due to addition of coarse sand. Therefore, the solution for reduced flexural properties due to addition of coarse sand may be the uniform fiber orientation which results in improved flexural properties. The new HyFRCC beam with A_36_87 sand gradation showed better flexural strength. The flexural strength and toughness of cement-based composites showed overall best results for new HyFRCC slab incorporating coarser sand. Therefore, the optimized combination of fibers and whisker for slab is 1.5% steel fiber, 0.4% PVA fiber and 1% CaCo 3 whisker with A_36_87 sand gradation. Hence, the coarse sands with new HyFRCC can be used to produce HyFRCC slab, which have both improved strength and flexural behavior. The enhanced properties of new HyFRCC favoring its utility for the applications of bridge decks, surface repair of structures, impact and blast resistant protective panels.
CONCLUSIONS
In this research, a multi-scale hybrid fiber cementbased composites (HyFRCC) is investigated. The cheaper micron calcium carbonate (CaCO 3 ) whiskers are incorporated to restrain the initiation and growth of micro-cracks. The steel fiber and PVA fiber are added to control the meso-cracks and macro-cracks, respectively. A prior work has demonstrated the effectiveness of the multi-scale hybrid fiber system to improve the mechanical behavior of beam specimens and reduce the cost of the product of fiber reinforced cement-based composites (5) . In this study, the new HyFRCC has been extended to the matrix with coarse sands to further improves its mechanical properties. In addition to this, the flexural performance of slabs has been investigated to optimize fiber combination and sand gradation of the new HyFRCC. The following conclusions can be drawn:
• The addition of A_36_87 coarse sands gradation improves the strength of the new HyFRCC beams effectively, whereas it slightly reduce the deflection hardening and multiple cracking performances of beams.
• The new HyFRCC slabs using coarser sand gradation of A_36_87 also brings remarkable improvement to both flexural strength and flexural toughness of cement-based composites, without sacrificing the deflection hardening and multiple cracking performances.
• The HyFRCC slabs with incorporation of 1.5% steel fiber, 0.4% PVA fiber, 1% CaCO 3 whisker (by total volume fraction) and coarse sands showed overall best properties.
• In general, the effect of coarse sands on the flexural behavior of HyFRCC slabs is not as severe as that on the beams. The new hybrid fiber system can perform well along with coarse sand.
Therefore, based on above results, the new HyFRCC can be used for structural applications with optimized content of fibers, whisker and coarser sand. The improved properties of new HyFRCC favoring its utility for the applications of bridge decks, surface repair of structures, impact and blast resistant protective panels. The coarse sands can be used to produce new HyFRCC slab having enhanced compressive and flexural properties.
